Fig. S1
. Solar experimental run for CO2 splitting with a ceria redox membrane.
Materials characterization
Figures S2a and S2b show SEMs of the membrane surface before and after a CO2 splitting run, respectively. The dense surface exhibits some defects visible as dark spots on or between ceria grains, attributed to the pore structure of grains that have not fully sintered. Contamination was considered negligible as verified by energy dispersive spectroscopy (EDS). In general, pores do not pose a priori a problem provided they are unconnected and do not extend through the entire cross-section. This characteristic is necessary to keep the oxidizing and reducing streams separate and is seen in the membrane cross-section in Figs. S2c and S2d before and after a CO2 splitting run, respectively. Mass transfer across the membrane is exclusively by diffusion of oxygen ions (O 2-) through the crystal lattice. The inner and outer surfaces of the tubular membrane can be distinguished in the SEM images by the curvature of the cross-section. The larger pores on the outer surface can be attributed to the phase-inversion synthesis technique and the inward shrinkage during sintering. Membrane thickness is typically less than 0.5 mm, which is below the critical length where O 2-diffusion in ceria becomes rate limiting. 4 Figure S3 shows the XRD spectra of pristine (as-purchased) ceria powder (i), and of the ceria membrane before (ii) and after (iii) a CO2 splitting run in the solar reactor. The membrane composition is unchanged before and after reaction and matches the pristine ceria powder. Diffraction peaks are narrower in the spectra corresponding to membranes than in those from the powder due to the sintering of particles during fabrication.
Fig. S3
. XRD spectra of pristine ceria powder (i), and of the ceria membrane before (ii) and after (iii) a CO2 splitting run in the solar reactor. Figure S4 shows the XPS spectra for the C 1s orbital of ceria at the inner and outer surfaces of the membrane before and after reaction, as well as for the pristine ceria powder used to manufacture the membranes. The primary peak at ~285 eV is adventitious carbon attributed to adsorbed carbonaceous species from air. 30, 31 Peaks appearing at ~286 eV and at ~288 eV are attributed to oxidized carbonaceous species also arising from exposure to air, where the higher binding energy peak is associated with carbonates. [30] [31] [32] Carbonaceous species were detected in all samples, which was expected as samples were stored in air at ambient conditions, without any cleaning before analysis. shows XPS spectra for the Ce 3d orbital of ceria at the inner and outer surfaces of the membrane before and after reaction, as well as for the pristine ceria powder used to manufacture the membranes. The XPS signal is deconvoluted into eight peaks, corresponding to four pairs of spin-orbit doublets, where peaks at ~897 and ~916 eV are attributed to Ce 4+ and peaks at ~885 and ~903 eV are attributed to Ce 3+ . [33] [34] [35] In general, the samples exhibited a mix of Ce 4+ and Ce 3+ , with Ce 3+ as the relatively smaller fraction. The overall Ce 3d signal was small compared to O 1s across all samples. 
Thermodynamic Analysis
Assuming ideal gases for a reference state at 1 bar, the equilibrium constant of CO2 thermolysis (CO2 = CO + ½O2) is given by
where pi is the partial pressure of gas species i, rxn G  is the standard Gibbs free energy change, and R is the universal gas constant. K(T) was computed using thermodynamic data from NIST JANAF tables (http://kinetics.nist.gov/janaf/). Assuming a feed of pure CO2, the gas composition must further satisfy
The fundamental concept of the semi-permeable redox membrane is that it can shift the CO2 thermolysis equilibrium by removing O2 from the inner (oxidation) side and transporting it to the outer (reduction) side. Thus, the presence of the membrane introduces an additional degree of freedom besides T and ptotal, namely setting O The solar-to-fuel energy conversion efficiency, solar-to-fuel  , is defined for steady-state CO2 splitting as:
where ṅCO is the molar production rate of CO, HVCO is the heating value of CO (HVCO = 283 kJ/mol) and Q solar is the total solar radiative power input. ṅCO is calculated from the equilibrium conversion of CO2 at T,
p , and ptotal conditions (Fig. S6b) . Q solar accounts for the reaction enthalpy, sensible heating of feed gases, re-radiation losses through the aperture, heat losses through the walls, as well as the power required for the separation of product gases:
The heat required for the reaction enthalpy is:
The sensible heat term includes the power required to heat both the CO2 and Ar gas streams from room temperature T0 to the operating temperature T, less the heat recovered from the exiting hot gases with a heat exchanger efficacy ηHEX: 26,36-38
The change in the flow thermal properties due to the change in composition is neglected. The solar cavityreceiver is assumed to be a perfectly insulated blackbody absorber. Thus, 39 4 reradiation solar
where I is the direct normal solar irradiation (DNI), C is the solar concentration ratio, and σ is the StefanBoltzmann constant. Heat loss through walls is proportional to the solar radiative power absorbed by the cavity, represented by a loss factor F,
The energy required for product gas separation was computed from the minimum work based on the Gibbs free energy of mixing ideal gases in a binary mixture:
where xn,i/f is the molar fraction of the nth component at the initial or final mixture composition. Carnot efficiency is assumed for the conversion of heat to work. The parametric values used in this analysis are summarized in Table S1 .  by less than 2%. To separate O2 and recycle Ar, waste heat can be employed to drive a thermochemical redox cycle with perovskites. 41 Depending on the downstream use of CO, there may not be a need to separate it from unreacted CO2, especially for high CO2 conversions, as shown for syngas-toliquid processing for the synthesis of kerosene 42 and methanol. 43 Steady-state gas production rate limitations Experimental CO2 conversion rates deviated from the equilibrium values, especially at low O 2 p . The thermodynamic analysis assumes plug flow, setting an ideal upper limit for the gas production rates.
However, because of the boundary layer formation, the O 2 p near the walls may be greater than in the bulk, which could account in part for the experimental disparity from the calculated limit. We speculate that a possible cause for greater deviations at low O 2 p was mass transfer limitation on the inner (oxidation) side, because the constant CO2 flow rate could not adequately remove CO from the reaction site. To check this hypothesis, an additional set of experiments were conducted at 1600°C with a fixed Ar flow rate and varied CO2 flowrates. Fig. S7 shows the average steady-state gas production rates vs. O 2 p for various CO2
flowrates. Dashed lines mark the thermodynamic limit; dotted lines connect the data points for visual ease. For clarity, the abscissa is plotted on a logarithm scale. This figure is a reproduction of the data of Fig. 4b , obtained for 25 mL min -1 CO2, overlaid with hollow symbols representing the additional data points at 50, 100, and 200 mL min -1 CO2. Higher CO2 flowrates resulted in an increase in the production towards the thermodynamic limit, indicative of mass transfer limitation. However, similar results would be expected of a surface exchange reaction limited conversion. The maximum CO production rate across all experiments was 0.024 μmol s -1 per cm 2 of membrane, measured at T = 1600°C and O 2 p = 3×10 -6 bar.
Fig. S7.
Average steady-state gas production rates at 1600°C for various CO2 flow rates versus the partial pressure of O2 at the Ar inlet (in the range 1×10 -6 -2×10 -4 bar with uncertainty ±6×10 -6 bar). Error bars are computed from device measurement uncertainties via error propagation. Solid symbols represent data at 25 mL min -1 CO2, originally shown in Fig. 4b . Dotted lines connect these data points for visual ease. Hollow symbols represent data points at 50, 100, and 200 mL min -1 CO2, in order of increasing production rate. Dashed lines mark the thermodynamic limit.
Error analysis The membrane was tested for gas-tightness by purging with CO2 (inner side) and Ar (outer side) at ambient temperature. The CO2 concentration in the outer side was below 10 ppm -the GC's detection limit. An O2 leak rate of up to 0.015 µmol O2 s -1 summed over both sides was derived from ambient air, which was taken into account in the measurement of the O2 production rate. To distinguish the O2 derived from CO2, the small amount of ambient O2 entering the system was calculated from the measured partial pressure of N2.
No CO was ever measured on the outer (reduction) side, even at high temperatures. The specific molar production rates of CO and O2 were calculated as: where Amembrane is the active area of the membrane, xi is the volume fraction of species i on the appropriate side measured by the GC, v̇i is the standard volumetric flow rate of gas i, and ρi and Mi are the standard density and molar mass of species i. Error bars for ṅCO and ṅO 2 were calculated using error propagation analysis. The uncertainties were quantified for each measured value, namely: xi, vi, Amembrane. For the GC measurements, uncertainty was taken to be the precision limit of 10 ppm. (Eq. S11)
